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Abstract 
This paper describes the fatigue characteristics of spot welds for three equal thickness sheet stack-ups of a Dual Phase (DP600)
welded to itself and a Mild steel welded to itself under tensile shear loading.  The experiments were designed to investigate the 
effects of electrode tip geometries, surface indentation levels, and base metal strengths on fatigue life of the tensile shear spot
welds.  The electrode tip geometries were B-nose for DP600 and Mild steel and E-nose for DP600. Surface indentation levels 
were 10%, 30% and 50% of the sheet thickness.  To obtain the goal, geometric factors were precisely controlled, especially the 
diameters of spot welds. Welding schedules varied to obtain proper surface indentation levels while keeping the same weld sizes
for the different materials and electrode geometries.  The fatigue test results showed scatter in the plot of the maximum applied
loads versus cycles to failure of spot welds due to weld sizes and base metal strengths.  Thus, a normalized structural stress 
parameter was proposed and correlated well to the fatigue test results.  
Keywords: Fatigue life; Spot weld; High strength steels; Hardness 
1. Introduction 
The automotive industry is currently facing enormous challenges to develop more fuel efficient vehicles due to 
stringent government regulation and high gas prices. To achieve the goal in vehicle structure design, lightweight 
materials such as aluminium alloys, magnesium alloys, and composite materials are used more frequently. However, 
these lightweight materials are expensive compared to sheet steels. Thus, thinner advanced high strength steels 
(AHSS) are used to substitute for thicker mild steels and high strength steels components to reduce weight of the 
vehicle structure.   
Electrical resistance spot welding is a widely used technique in the automotive industry to join sheet steels for 
uni-body and body on frame structures.  The integrity of the uni-body structure relies on the strength of spot welds. 
The typical car uni-body structure contains more than 3000 spot welds to join the sheet steels [1].  Geometric shapes 
of the spot welds subjected to various loads applied on the spot welds induce stress concentration that can lead to 
fatigue crack initiation at periphery of the spot weld.  The cracks can degrade structural integrity and increase noise 
and vibration of the vehicle structure.  Therefore, the fatigue performance of the spot welds should be investigated in 
vehicle structure design.  
Many researchers [1~10] studied the effects of nugget diameter, sheet thickness, specimen width, and base metal 
properties on the fatigue performance of spot welds. They also studied the effects of loading conditions with tensile 
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shear, coach peel, and cross tension specimens. The studies showed that fatigue strength of spot welds generally 
depended on the loading types and geometric dimensions of the spot welds. The studies also confirmed that the 
fatigue strength of spot welds decreased as the applied load range increased, but increased as weld size increased 
[1~10]. 
Numerous previous researchers [9~21] proposed analytical and/or empirical models to predict the fatigue life of 
spot welds.  Some researchers [9,10] developed empirical relationship among geometric factors, loading conditions, 
and the number of cycles to failure. On the other hand, some researchers [22] used a numerical method to predict 
fatigue strength. Most of previous studies were based on spot welded joints of two sheets. However, vehicle 
structures have a very large number of spot welds joining three sheets. 
This study investigated the fatigue characteristics of spot welds fabricated with three equal thickness sheet stack-
ups of DP600 welded to itself and a mild steel welded to itself using two different welding electrode tip geometries 
and three different indentation levels. Three equal sheet thickness specimens were used to facilitate consistent 
surface indentation and weld size at the tested faying surface.  
This paper described the effect of electrode tip geometries, indentation levels, and material properties of base 
metals on fatigue strength of spot welds fabricated with three sheet stack-ups. This study also tried to correlate the 
fatigue test results with fatigue damage parameters proposed in [4, 12, 17, and 19].
Nomenclature 
TS10BDP Tensile Shear specimens of DP600 welded with B-nose tip achieving 10% surface indentation 
TS30BDP Tensile Shear specimens of DP600 welded with B-nose tip achieving 30% surface indentation 
TS50BDP Tensile Shear specimens of DP600 welded with B-nose tip achieving 50% surface indentation 
TS10EDP Tensile Shear specimens of DP600 welded with E-nose tip achieving 10% surface indentation 
TS30EDP Tensile Shear specimens of DP600 welded with E-nose tip achieving 30% surface indentation 
TS50EDP Tensile Shear specimens of DP600 welded with E-nose tip achieving 50% surface indentation 
TS10BMS Tensile Shear specimens of Mild Steel welded with B-nose tip achieving 10% surface indentation 
TS30BMS Tensile Shear specimens of Mild Steel welded with B-nose tip achieving 30% surface indentation 
TS50BMS Tensile Shear specimens of Mild Steel welded with B-nose tip achieving 50% surface indentation 
 TV eq Equivalent structural stress along circumference of spot weld 
 xFmaxV  Maximum stress induced by x-direction force ( )xF
 yFmaxV  Maximum stress induced by y-direction force ( )yF
 zFV  Stress induced by z-direction force ( )zF
 xMmaxV Maximum stress induced by moment about x-axis ( )xM
 yMmaxV  Maximum stress induced by moment about y-axis ( )yM
N A material dependent geometry factor 
d Nugget diameter 
t Sheet thickness 
meqV  Maximum equivalent structural stress 
yV Yield strength of material  
normS  Normalized Rupp and co-workers’ structural stress 
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2.  Materials, Specimens and Weld Procedures 
This study used two different materials, DP600 and a mild steel, to fabricate three sheet stack-ups of tensile shear 
specimens to characterize fatigue performance of spot welds.  The chemical compositions of the sheet steels are 
shown in Table 1. The thickness of DP600 coupons was 1.64 mm and that of the mild steel was 1.57 mm. In all 
cases, the face diameter of the electrode tips was 4.8 mm and the target weld size at the tested faying surface was 5.5 
mm +/- 0.5mm. The specimens from each material had three indentation levels, 10%, 30% and 50%. The effect of 
electrode tip geometry (B-nose and E-nose) was compared on DP specimens, and the effect of material strength (DP 
600 and mild steel) was compared on samples made with the B-nose electrode tip. The shapes of the electrodes are 
shown in Figure 1. Coupon shapes and dimensions of the TS specimens are shown in Figure 2.  The indentation was 
determined based on the anticipated height from a reference line drawn between point A and Point B to the depth of 
the crater area as shown in Figure 3.  This height was one half the differences in Point A and Point B’s heights. 
Table 1. Chemical Composition of the Materials in Weight Percentage 
C Si Mn P S Cr Mo Ni
Mild Steel <0.001 0.001 0.077 0.008 0.012 0.023 0.004 0.013 
DP600 0.0759 0.01 1.894 0.014 0.006 0.181 0.175 0.014 
Al Cu Nb/Cb Ti V Sn Fe B
Mild Steel 0.0264 0.032 0.01 0.0443 <0.001 0.001 99.748 <0.000 
DP600 0.0427 0.031 0.006 0.0025 0.002 0.003 97.542 <0.000 
Fig. 1. Shapes of the electrode tip for B-Nose and E-Nose. 
Prior to welding the test specimens, the electrodes were stabilized using a setup weld schedule with 4.23 kN of 
weld force, 24 cycles of weld time (3 pulses of 8 cycles, 2 cycle cool time), 5 cycles of hold time, and 10.5 kA of 
weld current. The targeted weld size and indentation levels were obtained by adjusting the welding schedule 
parameters. For subsequent coupon pairs, the weld current, weld time, and/or the weld force were adjusted as 
necessary in order to obtain the target weld size (5.5 mm r0.5) and required indentation percentage.  Once the 
desired minimum weld size and indentation percentage was attained, the weld parameters were maintained to 
fabricate tensile shear specimens for the specific indentation level.  Every sixth specimen was destructively peel 
tested and the targeted weld size verified. For all specimens fabricated, the actual current, indent depth, and 
occurrence of expulsion were recorded.  The weld parameters for all specimen fabrication and resulting weld sizes 
and indentation levels are shown in Table 2. 
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Fig. 2. Geometry and dimensions of the specimen. Fig. 3. Nugget indentation and distortion. 
It was observed that high weld force and/or high weld time increased the indentation levels in DP600 and the 
mild steel as shown in Table 2.  Different weld schedules had to be used for the different cap types.  Weld sizes 
were consistent for all specimens except 10% indentation of DP600 E-Nose. The actual indentation levels were very 
close to the target indentation for all specimens. 
Table 2. Weld Parameters and resulting Weld Diameters and Indentation Levels 
DP600, B-Nose DP600, E-Nose Mild Steel, B-Nose 
Indentation Target, (%) 10 30 50 10 30 50 10 30 50
Weld Current, (kA) 8.2 8.7 7.9 10.1 7.4 7.9 8.8 9.8 10.9 
Weld Time, (Cycles) 17 18 60 12 52 60 20 21* 27** 
Weld Force, (kN) 3.6 7.1 11.1 4.2 7.6 11.12 2.5 4.2 6.7 
AVG 5.5 5.7 5.8 5.3 5.7 5.7 5.8 5.8 5.5 Button Size, 
(mm) STDEV 0.195 0.172 0.129 0.293 0.120 0.112 0.362 0.223 0.259 
AVG 12.4 26.8 47.0 12.0 31.6 49.2 13.0 30.8 49.3 Actual
Indentation, 
(%)
STDEV 0.694 0.734 0.449 1.089 1.193 0.892 1.028 0.955 1.246 
Notes:  “*” – 3 pulses of 7 cycles with 1 cycle cool between pulses & “**” – 3 pulses of 9 cycles with 2 
cycles cool between pulses.                                                      
 Micro-hardness tests were also performed on nine different specimens.  The hardness measurements were made 
at equal distances (0.381 mm) on a diagonal line from the base material, through the heat affected zone (HAZ) and 
weld nugget, and then through the HAZ back into base material as shown in Figure 4.  From the observations, the 
nugget material was harder than the base metal for all specimens tested.  The increment of the hardness in the 
nugget was much higher with DP600 than with mild steel. It was also observed that the hardness value dropped in 
the Heat Affected Zone (HAZ) of DP600, but that was not observed with the HAZ of mild steel.  
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Fig. 4. Micro-hardness profiles around fusion zone  
           for DP600 and mild steel. 
3. Static and Fatigue Strength Tests of Spot Welds 
3.1. Static Strength of Spot Welds 
Static strength tests for tensile shear spot welds were initially conducted for the three sheet stack-ups of DP600 and 
mild steel. The effect of surface indentation combinations made using both types of electrode tips and material on 
static weld strength was identified.  Five replicates were tested for each electrode tip geometry and indentation 
combination, and the averaged static weld strengths were used to approximate the maximum single cycle load 
capability.  Then, 40 and 60 percent of these maximum values were selected as the load levels for the initial fatigue 
tests.  The peak loads of static weld strength are plotted in Figure 5. DP600 specimens were stronger than mild steel 
specimens regardless of indentation levels. No significant effect of indentation percentage on static weld strength 
was observed. The static strength for 10% indentation of DP600 with E-nose tip (TS10EDP) is lower compared to 
other DP600 specimens. However, this is believed to be the result of a smaller weld size as documented in Table 2. 
3.2. Fatigue Strength of Spot Welds 
Each specimen was tested in tensile shear fatigue loading at room temperature at a frequency of 10Hz with sine 
wave load application at R=0.01.  The failure criterion for fatigue tests was that specimens were completely 
separated in two pieces.  The runout cycle was 1,000,000 in the fatigue tests. 
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Fig. 6. Max. applied load vs. fatigue life for DP600.            Fig. 7. Max. applied load vs. fatigue life for Mild steel. 
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Figure 6 shows the effect of electrode tip geometry (B-nose and E-nose) and indentation levels on fatigue 
strength of spot welds for DP600 tensile shear specimens. All data were well collapsed along the best-fit line.   
When plotting the results of the fatigue life for DP 600 samples made using the B electrode and E electrode cap, it 
can be seen that there is a slight improvement in fatigue life with deeper indentations. Since the correlation 
coefficient (R2) is equal to 0.92, from practical point of view this dependency is considered negligible. The fatigue 
life of TS10EDP specimens was shorter than other samples due to smaller weld size as documented in Table 2. For 
mild steel specimens, scatter was observed at the highest applied load cases as shown in Figure 7.  
The fatigue test results of three sheet stack-up spot welds for DP600 and the mild steel are shown in Figure 8.  
The correlation coefficient (R2) was only 0.62 and clear separation was observed between DP600 and mild steel 
fatigue results. This means that material strength significantly affect the fatigue strength of spot welds fabricated 
with three sheet stack-ups. On the other hand, again weld indentation levels did not show a strong relationship to the 
fatigue strength of the spot welds tested.  In the shorter fatigue life regions, more scatter was observed as shown in 
Figure 8. 
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Fig. 8. Max. applied load vs. fatigue life for all specimens tested.        Fig. 9. Forces and moments at a spot weld [1]. 
4. Correlations for Fatigue Results of Spot Welds 
Scatter is the nature of fatigue test results and comes from various origins including specimen geometric factors, 
welding parameters, and base metal properties. Thus, numerous researchers [9~21] had developed various fatigue 
damage calculation methods to correlate the fatigue test results of spot welds.  Most widely accepted damage 
calculation method for spot welds is the structural stress approach proposed by Rupp et al. [17]. 
They observed that spot welded connections experienced considerable local plastic deformation during the first 
load cycle.  Therefore, the linear elastic finite element method cannot calculate the exact stresses at spot welds, and 
the linear notch-root stresses or stress intensities cannot be a good damage parameter for fatigue strength of spot 
welds. They proposed a fatigue damage parameter based on local structural stresses calculated from the cross-
sectional forces and moments at a spot weld using beam, sheet, and plate theory.  To determine the forces and 
moments at the spot welded joints, a stiff beam element was used in the finite element model to connect sheet 
metals.  The length of this beam element was one-half of the total thickness of the two sheets joined [17].  
The equivalent stresses were calculated by combination and superposition of the local structural stresses, and as a 
function of angle T  around the circumference of the spot weld.  Here, T  is the angle measured from a reference 
axis.  Figure 9 shows the forces and moments at a spot weld.  The equivalent stresses for cracking in the sheet are 
calculated using superposition of formulae for the plate subjected to central loading as below: 
     
    TVTV
VTVTVTV
cossin               
sincos)(
maxmax
maxmax
yx
zyxeq
MM
FFF

 
     (1)
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where:   dtFF xx SV  max ,        (2)
  dtFF yy SV  max ,        (3)
    0for   744.1 2 ! zzz FtFF NV ,      (4)
  0for    0 d zz FFV ,       (5)
   872.1 2max dtMM xx NV  ,      (6)
   2max 872.1 dtMM yy NV  ,       (7)
  6.0 t N .         (8)
The parameter N  is a material dependent geometry factor applied to the stress terms calculated from the bending 
moment.  It effectively reduces the sensitivity of these stress terms to the sheet thickness. 
 This study used Rupp and co-workers’ structural stress approach to correlate the fatigue results of spot welds.  
The maximum structural stress ( meqV ) was calculated at each specimen subjected to maximum applied load: 
 ]max[ TVV eqmeq          (9)
To obtain forces and moments at spot welds, finite element analysis was conducted. In the finite element model, 
spot weld and coupons were modelled with a rigid beam element and shell elements, respectively.  The tensile shear 
finite element model is shown in Figure 10.  The maximum structural stress and fatigue life of the spot welds are 
plotted in Figure 11.  The maximum structural stress at spot welds correlated a little better than the maximum 
applied loads did.  However, it still shows noticeable scatter in Figure 11.   
Fig. 10. Finite element model of a spot weld specimen. 
 Davidson’s [4], Swellam’s [12], and Zhang’s [19] methods were also utilized to correlate the current fatigue 
results of spot welds. Here their equations are summarized and further information can be found in references sited 
in this paper. Davidson’s equation [4] was expressed as  
t
PE T' '          (10)
where  is applied load range, t is sheet thickness, P' T  is nugget rotation, and E'  is Davidson’s parameter with 
unit of 
mm
reeN deg
.
 Swellam’s K  [12] was calculated as  i
ob
ii RKK )1(max u ,        (11)
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where G is a geometry correction factor, r is nugget radius, t is sheet thickness, W is specimen width, R is load ratio, 
E  is material constant, is the load ratio effect, and is the equivalent Mode I stress intensity factor taken at 
maximum applied load. 
ob maxiK
Zhang [19] proposed an equation for stress intensity factor for Mode I loading with applied load (P), nugget 
diameter (D), and sheet thickness (t) as below: 
tD
PK I
2
3                    (14)
 The correlations were shown in Figures 12 - 14. However, no significant improvement was observed. Basically, 
the scatter in Figures 11 - 14 occurred between mild steel and DP600 but the parameters used in this study did not 
include the effect of base metal strength. 
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 Thus, further investigations were conducted to reduce the scatter in the correlation between fatigue parameters 
and test results.  The scatter could be coming from material strength since a clear separation exists between mild 
steel and DP600 in Figures 11 - 14. Therefore, the parameters were divided by a simple factor obtained from square 
R2 = 0.65R2 = 0.67
R2R2 = 0.65 = 0.66
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root of their yield strength values (no unit) of the base metals. This simple correlation factor between fatigue test 
results of DP600 and mild steel can be presented as the following Equations: 
yY V (15)
Y
S meqM
V
 (16)
 
Y
KK iMi  (17)
The yield strength of the mild steel was 173 MPa and that of DP600 was 353 MPa.  The modified maximum 
structural stress ( M )  and maximum stress intensity factor (S  MiK ) were well correlated with current fatigue test 
results of spot welds for mild steel and DP600 as shown in Figure 15 and Figure 16, respectively. 
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5. Summary and Conclusions 
Fatigue strength tests were conducted for tensile shear spot welds with three sheet stack-ups of DP600 and a mild 
steel. The specimens also included varying surface indentation levels as 10%, 30% and 50%. The DP600 specimens 
were also welded with E-nose and B-nose electrode tips to investigate the effect of electrode types on spot weld 
fatigue strength. However, only the B-nose electrode tip was used to weld the mild steel.  The plot for maximum 
applied load versus cycles to failure of spot welds showed significant scatter due to material strengths.  To reduce 
the scatter, a normalized structural stress parameter was introduced.  From this study, the following conclusions can 
be drawn: 
1. The electrode tip types (B-nose and E-nose) did not affect fatigue strength of spot welds for three sheet stack-
ups of DP600. 
2. The effect of surface indentation levels on fatigue strength of spot welds was negligible for DP600 and not 
existent in Mild Steel.   
3. Fatigue strength of DP600 was higher than that of mild steel for resistance spot welds in the equal thickness 
three sheet stack-ups. 
4. The plot for maximum applied load versus cycles to failure of spot welds showed significant scatter between 
DP600 and the mild steel. Swellam’s, Davidson’s, Zhang’s and Rupp and co-workers’ fatigue damage 
calculation methods could not reduce the scatter levels since those parameters only took in consideration 
specimen geometric factors.  
5. The modified Zhang’s and Rupp and co-workers’ methods divided by a correlation factor obtained from 
square root of material’s yield strength correlated well with the fatigue test results of DP600 and mild steel.
R2R2 = 0.91  = 0.91 
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